The heat of form ation of calcium a lumin ate monos ulfate, 3CaO·AI20 3·CaSO.·12H20, at 25 ac, and of less completely hydrated samples of the same compound, was determined by the heat-of-solution m ethod, with 2N HCI as the sol ve nt, and 3CaO·Alz03·6H20 (c) a nd CaSO.·2H20(c), as the reactants. The r es ults were as fo llows: 3CaO·AJ,03·CaSO.·12H20 ( The heat of the r eaction (6 1£) 3CaO·AI20 3·CaSO,.l2H20 (c) + 2(CaSO,· 2H20 ) (c) + 15H20(l)-> 3CaO·A120 3·3CaSO,,·3 UI20 (c) is -134.4 kj / mole or -32.1 kcal/ mole. Th e heat of t he reaction (6H) 3CaO·A!20 3· CaSO.·12I-I20 (c) + 2(CaSO.· 2H20 ) (c) + 16H20 (1)-> 3CaO.AI20 3·3 CaSO,·32I-I20 (c) is -144. 9 kj / mol e 01' -34.6 kcal/ mole.
The heat of the r eaction (6 1£) 3CaO·AI20 3·CaSO,.l2H20 (c) + 2(CaSO,· 2H20 ) (c) + 15H20(l)-> 3CaO·A120 3·3CaSO,,·3 UI20 (c) is -134.4 kj / mole or -32.1 kcal/ mole. Th e heat of t he reaction (6H) 3CaO·A!20 3· CaSO.·12I-I20 (c) + 2(CaSO.· 2H20 ) (c) + 16H20 (1)-> 3CaO.AI20 3·3 CaSO,·32I-I20 (c) is -144. 9 kj / mol e 01' -34.6 kcal/ mole.
Va lues r eported earli er for the h eat of formation of calcium alum inate t ri sulfate a nd of calciu m a lumin ate monocarbonate s hould be rev ised by adding -0.9 kca l/ mole to each reported DoH valu e, \I ith t he following res ulti ng values: 3CaO·Al,03·3 CaSO.·31H20 (c) 3CaO·AJ,0 3·3CaSO.·32H20 (c) 3CaO·AJ,03· CaC03·10·6SH 20 (c) 
MI;
kcal/mole -4123 - 4194 -1957 Co ndi tions for the formation of t he monosulfate from solutioll, an d i ts propert ies on ex posu re to moist.ure, arc dis cussed.
Introduction
Cn.lcium aluminate monosulfate, 3CaO ·Al20 3· CnS0 4· 12H20, also referred to as calci um monosu lfoalumi.nate, is one of two complex salls that ma~ be formed by the aggressive action of sulfate waters on portland cement. It is also an intermedi.ate or nfinal product in the hydration of most portland cements, derived from the gypsum and tl'icalcium aluminnte which they contnin in the n,nhydrous sLate. D epending on the avaihbiJity of the various reacting compounds, either the monosull'ate or calcium nluminate trisulfate, 3CaO ·A120 3 ·3CttS04· 31-33H 20 , may be formed [1 , 2] . 1 The aluminate suHates are representative, respectively, of two series or complex calcium alumi-, nates, which may be represented by the gener3l form ulas 3CaO·A120 3·CaX ·nH20 and 3CaO·Ab03· 1 Figures in brackcts indicate the literature references at the end of tbis paper.
1 3CaX.mH20, where X is a d ivalent ion or two units of a monovalent ion, n is 10 to 12 and m is approximately 32. As with many con1p~unds encountered in portland cement chemistry, the wnter content is not nl ways definite. Some oj' the wnter in these compo und.s is tightly bound chemically; the remamd.er IS. more loo~ely bound nncl cnpnble of van atLOn w] th the nmblent temperature 01' humidity. As pnr t of n continuing investigation 01' the thermochem~cal properties of substances occ urring in hydmuhc. c~ment~ and their reaction products, th e heat of (OI'll1atlOn of: hydrated calci.um nlllminnte monosulfate has been determined.
Measurements by the h ent-of-solu tion method were made of the heat evolved at 25°C in the reaction The heat of this reaction is the difference between the sum of the heats of solution of the reactants and the heat of solution of the product, in accordance with the following equations: H t. 2 3CaO·Al20 3·6H20 (c) + 12HCI(aq) The heat of solution of each of the reactants and of the product was measured in HCI·26 ·6 1H20 (2 .00N H CI at 25°C). The heats of formation of the reactants were taken from Circular 500 [3] of the National Bureau of Standards.
All calculations in this paper are based on the 1961 atomic weight table [4] and on th e thermochemical calorie, defined as exactly 4.184 joules. Differences between th e 1961 and 1957 atomic weight tables are insignificant for this work, and the results obtained are therefore consistent with work published earlier on calcium aluminate monocarbonate [5] and calcium aluminate trisulfate [6] , except for the revisions to this earlier work noted in sections 4.5 and 4.7.
. Preparation a n d An alysis of Samples

.1. Prepara tion
The calcium aluminate sulfates can be formed as white precipitates when aqueous solutions of calcium hydroxide, sulfate ion, and of compounds containing aluminum ion or aluminate ion are mixed.
At room temperature the trisulfate is the eventual product in all aqueous concentration ranges studied. Within a limited concentration range, however, the monosulfate can be formed first and may be isolated by filtration before conversion to the trisulfate takes place. The conditions for formation of the mono sulfate and for producing the compound in adequate quantity are discussed in the appendix to this paper.
Eight preparations of calcium aluminate monosulfate were made. Details of the reaction mixtures and of the products obtained are given in table 1, together with details of some mixtures in which the trisulfate was formed. Preparations 1, 2, 3, 4, and 5 were made from saturated Ca(OH)2 solu tion and calcium aluminate solution. The yields obtained in these batches were 9, 6, 7, 5, 11 g, respectively. Preparations 6, 7, and 8 were made from A12(S0 4)3 solution and saturated Ca(OH)2 solution by the alternate reaction-decantation technique described 2 in the appendix, a technique which makes a larger yield of t he monosulfate possible in the equipment available and within the time limits necessary to prevent conversion of the monosulfate to the trisulfate. Yields of batches 6, 7, and 8 were 16, 30, and 33 g respectively. The quantities obtained were about 75 percent of the theoretical yield, largely: as a result of mechanical loss in the handling operatIons.
Preparation of the reagents, transfer of solutions, mixing, filtration, and other operations were performed in closed systems with precautions taken to exclude CO2, Solutions were made with distilled water which had been boiled and then cooled in a current of CO2-free air.
All batches were dried at 33 percent relative humidity in a desiccator over saturated MgC12·6H20 [7] , except sample 8 which was dried at 12 percent relative humidity (saturated LiCI) [7] . Samples condi tioned in this way are referred to hereinafter as "original" samples. Several portions of samples 2, 6, 7, and 8 wer e dried at 12 percent relative humidity, 5 percent relative humidity (23N sulfuric acid) [8] , and 0 percent relative humidity (CaO). These samples are referred to as "dried" samples. Before placing the samples in the desiccators and after opening them at any time, the desiccators were evacuated to 2 to 4 cm H g pressure and refilled with CO2-free air which had been passed through the same conditioning solution as contained in the desiccator. Inasmuch as effective conditioning requires slow air flow, the desiccators were generally opened only once during a day, evacuated rapidly, and refilled overnight with conditioned air; thus, they were generally IDlder vacuum most of this period. The desiccator containing CaO was kept uncler vacuum at all times, except when it was opened to remove a sample. When the loss on ignition of a preparation was constant, the material was ground and mixed in a sealed glass jar containing wood balls, and the ground material was stored in the appropriate desiccator.
Heat-of-solution determinations were made on all the" original " and" dried" preparations. Measurements were also made of the heats of solution of portions of sample 7 exposed for various periods of time to an atmosphere at 100 percent relative \ humidity. The latter environment was obtained by slowly passing dry CO2-free air through CO2-free distilled water and into a desiccator containing the samples to be exposed. The air was passed through water in two spiral gas-washing bottles and then through a delivery tube fitted with a fritted-glass opening immersed in a reservoir of water in the ' desiccator.
2.2. X-ray Diffraction and Chemical Analysis X-ray diffraction patterns of the preparations were I obtained by the powder method on a Geiger-counter diffractometer with copper Ka radiation. The principal peak s of the patterns are summarized in table 2. The samples conditioned at 33 percent relative humidity showed peaks of both the high- ------ ------.-----------.
------- 
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. The oxide analyses of the preparations are given in table 1 and were obtained by replicate (2 to 5) measurements, except in the case of sample 1, for which material was available for only one measurement. The precision of the analyses and of the calculated mole ratios of the oxides (and of compounds calculated from the oxides) was determined. The estimates of standard error 2 for each oxide determination were calculated separately 1'01' each preparation, rather than by pooling the standarderror estimates for that particular determination for all preparations as had been done in earlier work [6] . This procedure is based on th e assumption that, for a particular preparation, the calculated • Letters refer to type of monosulfa te pa ttern. Upper-case t yp 3 indicates predominant p att ern.
A-wet type of calcium alnminate monosulfate. B-high-humidity t y pe. C-Iow-humidity ty pe. b N umbers refer to relative intensity of lines _ [r-very strong. 4--strong. 3-medium.
precision of th e analysis is depen den t on th e uniformity of th e preparation and no t simply on the degree to which an analytical method can be reproduced. The calculated precision of the mole ratios of the compounds assumed to be present as impuri ties is an indication of the qu antitative r eliability of the impurity calcul ations. Thc designation oJ the compounds present as impuri ties was based on th e chemical analysis, optical microscopic examination, and X-ray diffraction patterns. The preparation of the gypsum and of the hydrated tricalcium aluminate has been discussed in reference [6].
. Heat-of-Solution Measurements
The heats of solu tion were determined in HCI·26.61 4 H 20 (2. 00N HCI at 25°C ). The improved all-platinum calorimeter described in an earlier publication [5] was used, with platinum resistance thermometer, air jack et, and water b ath controlled to ± 0.005 °C or better. The calorimeter was stirred with th e shorter of the two stirrers described, a 4-in. platinum stirrer with four-bladed propeller. Samples were in troduced through a glass funneL When the calorimeter temperature attained after the sample has dissolved is close to the temp erature of the ba th and th e room, corrections for the heat capacity of the sample are minimiz ed by the funnel-introduction technique.
Since it was inconvenient to prepare the calcium aluminate monosulfate in large quantities, 1-g samples of the compound were used with the normal quantity of acid (740 g) for the calorim.eter. The
2-weak. I-ver y weak. ' Exposed to X -ray immediatel y a fter r emoval from conditioning chamber; pattern completed in 10 min.
d Exposed to X-ray some time a fter removal from conditioning chamber, but protected from atmosphere; pattern completed in 10 min .
'Same as d, b ut p attern completed in 40 min , follo wing the 10-min pattern . f 33 percent R.ll.-conditioncd samples, ex posed to 100 percent R .Il., for various len gths of tin_e.
quantitics of 3CaO ·AI20 a·6H 20 and CaS0 4 ·2H20 required b~-th e stoichiometry of eqs (1) to (5) are 0. 61 and 0.28 g respectively (in 740 g H Cl) corresponding to 0.49 and 0.22 g in 600 g H CL The h eat of solu tion of 3CaO·A120 a·6H20 was determined in earli er work [5, 6] in a platinum-lined calorimeter described by Newman [10] with samples ranging from 0.26 to 0.44 gin 600 g HCl, a sample-acid ratio slightly below the ratio required for this work. It h 9s been shown, however, tha.t there is no observable h eat-oI-dilution effect for samples of 3CaO·A120 a· 6HzO in 2NHCl b etween 0.26 and 2.9 g [5, 11] . The determinations with the 0.26 to 0.44-g samples were t herefore used for this work.
The heat of solution of 0.28 g o f CaS0 4 ·2H20 in 740 g of 2N HCl was separately dctermined for calculating the h eat of r eaction (eq (1)), in preference to th e results of earlier determinations obtained wi th saInple-acid ratios equivalent to 1-2 g and 0_53 g of CaS0 4 ·2H20 in 740 g of acid. The heats of solution obtained with the 0.28-g samples were used because they were sligh tly higher than for the larger samples, but the differences (see sec. 4.1 ) are not consider ed sufficiently significant to supposo that a heat-oIdilution effect was actually obscrvcd _ Although , according to eq (3), the gYPSLl m should be added to the acid solu tion obtained from the dissolu tion of t he tricalcium aluminate, it was actually added to t h e fresh acid. As has been shown [6] , no measurable error is thereby in trod uced_
The h eat effect of adding the 4 moles of H 20 appearing in eqs (1) and (4) Lwo se Ls, but th e ga p is not gre}1.t enough to b e stati stica ll~-significant. P erh aps a more prec ise d eLermination of th e h eat of solution of CILS0 4·2H20 at differen t sample-acid ratios would reveal a s Ignificant h eat-o f-dilution efrec t. In Imy event the hMt or solu tion obtain ed for the low ost nl tid h ,1.s been used , fo r th e reason disc ussed in sec t ion 3.
Correction for Impurities
The calc ulation of the eomposition of a sa mple lWei of the h eat of solution of the pUl'e calcium aluminate Jl)onosuHate present was performed as described in th e a ppen 'ices to references [5] and [6] .
In gen cral , X-ra~-diffraction pa ttern s were useful onl~T in r evealing the major components, whereas optical mi croscopic examination was gen erall)-n ecessar~-to confirm the impurities suggested b.\-the ch emi cal analysis. In the case of sa m pIes exposed at 100 percent relative humidity, th e X-my pattern indicated break down of the alumin ate monosulfate into compo un 's not detectable by ch emi cal an al ysis (see sec . 4.8 ). Another useful ini ca tion of the n a ture of the impurities, also describe in section 4 .8, was the pattern of evoluti on of h eat d urin g the di ssolu tion of the sampl e in the calorimeter.
.As in earli er work on the h eat of formation of calcium alumin ate trisuUate [6] , th e presen ce or a small quan tity of CO2 noL otrse L by CaO was a troublesome fa ctor. (Kote th at in sample 6 th e nIt is not Lhe aut ho rs' intention to impl y that tile heat-capacity values arc eithe r precise or accu rate to t he number of fi guJ'f's tabu lated. 1~h esc fi gures a rc carried through t he calcul ations to facilitate t.ho estima tion of sta nd ard error. in sample 7 thc s tt1.ll arc! errol' was ,tlm osL as larO'e as the qmtn ti L. ,-i tseif, inc iCI1. ting the reverse) . Tl~s free CO2, if a.ct wtlly present, is ass umed to be sorbed mu ch like fre e H 20 , iLnd the quan ti t~T of h eal, i t wo uld liberate or ab sorb on dissoluti on of the compound is neglected. In refcrence (6], the h e}lt of solu tion of hyd rated alumilhL was also n eglected, b ecause this compound r em ain ed in sus pen sion an d iel no t cont ribu te to the total h e}Lt evo lved b~T th(' prep1L1·ation. However, in these mOll os ulfllte prepamtions, clear solutions wer e obtain ed in Lite cIL lo rim eLer, ind icl1.ting that the hydrated aluminlL d id issolve ( ee sec. 4.7 for exceptions). Correc tion WItS thereforcmaclc for its heat or solution. Assarsson [12] points out that soluble hy rated alumina" obt}Lined from prec ipiLates that have'igested 1'01' only IL short time, contains b etween 3 an 4 moles of H 20 , and s uggests that th e additional H 20 is physicall.v }ldsorbed on a par ticle that is ch emi cally gibbsite, .A120 3 ·3 H 20 . Correction for th e h eat o[ solution or the h~Tdrated alumina is 
.028248 1.0003 805.18 -.59
. 028342 1. 0036 805.20 +. 01 d No correction was m ade for tbe bea t capacity of these samples, because tbe sample temperature could not be m easured in tbe short time bctween removal from conditioning cbamber and introduction into calorimeter.
The mixture in which sample 5 was precipitated was on the border of the concentration range for formation of the monosulfate, und er the experimental conditions of this work (see appendix, 7.1 ) . Microscopical examination showed needles of calcium aluminate trisulfate with negative elongation, together with the usual needlelike "fibers" of the mono sulfate which appear to have positive elongation because they are uniaxial negative plates observed --------------. InsuJFicient quantities of samples 1 a nd 4 made it n ecessary to assume water conte nt.s b y subt ract ion of the total per centage of CaO, A120 3, S0 3, a nd CO2 from 100 per cent. The CO2 content of sample 4 was not determined, but was estimated from that of th e ot her samples inst ead. Only one determination of m ajor o;.,. -ides could b e made on sample 1. Although it was no t possible, for this r eason, t o calculate standard errors for th ese analyses, the uncertainties in the final calculation of helLl; of solution and water content are not believed t o be very great for these two samples. If t he poin ts in figure 1 corresponding to these samples were omitted, t here would be almost no change in t h e curve.
. H eat-of-sol uti on determinati ons on CaSOj-2H20 fo r diffeTent sample-acid ratios
-. 00.14 38 --------------
The following values were used for the heats of solution of the various impurities: 3CaO·AI20 3·3CaS0 4·31H20 ---,----.----,----,----,----,----,-- (see table 2 ) were mL'.:tures of the two basic patterns. There was no observable relation between the relative heights of the respective peaks and the heats of solution. However, the correlation between water content and heat of solution is definite. Since the X-ray specimens were not protected against room atmosphere while mounted on the diffractometer, it is uncertain whether the variation of heat of solution with water content is a function of water content alone or of the crystal-structme change reflected by the change in X-ray pattern as well .
From eq (6), the heat of solution of 3CaO·Al20 a·CaSOd2H20 in 2.00N HCI (at a sample-acid ratio of 1 :740) is -tlH = 118.5 kcal/mole. Corresponding values for the heats of solution of compositions containing less H 20 have been cal culated from eq (6) and assembled in table 7.
Heat of Formation of the Product from the Reactants
The heat of the reaction represented by eq (1) is calculated from the heats of solu tion of the reactants and products. The heat effects of eqs (2), (3), ~4), and (5) are added, as follows : (Note, however, that the tricalcium aluminate hydrate used as one of the reactants was actually 3CaO·AI20 a·5.859HzO [6] and a further correction must be made later to correct for this departure from eq (2) The heat of solution of hydrated tricalcium aluminate was measured on a sample containing 5.859H20 instead of 6H20 . It is therefore n ecessary to introduce a correction to the summation in section 4.4 based on the heat effect of the following equation: 3CaO·AlzOa·6H20(c) ---o>3CaO ·AlzOa·5.859H20 (c) + 0.141H20(I) (7) In references [.' 5, 6] , the heat of this reaction was taken as 0.141 /6.00 times the heat of hydration of anhydrous 3CaO·AI20 a to the hexahydrate. This estimate was based on the assumption that the fraction hydrated to 6H20 was 5,859 /6,00, and that the remainder was anhydrous. From the measurements of Thorvaldson, Brown, and P eakeI' [11] , the heat effect was calculated to be -tlH = -l.36 kcal/mole 3CaO ,AlzOa. At this time, it seems to t he authors more r eilsonable to adopt a fig ure for t h e h eat effect of' eq (7) derived from a con tinuous plot of t he h eat or form a tion of several h ydrates of tricaleium alumiJlate against t h eir water content. Data for such a plot between 0 and 11.6H20 are also available from Thonraldson, Brown, and Peaker's paper ill] . The points lie on a continuous curve, 1rom which t he h eat effect of eq (7) If th e heat of reaction calculated in section 4.4 is corrected for the heat effect of eq (7), the h eat of reaction for eq (1) is t h en -f>H= 15. 44-0.46 = 14 .98 kcal/mole.
I ---------------------------------:--------1----------------;---------
Heats of formation £Tom t he sam e r eftctants of compositions containing less H 20 , calculated in th e sam e manner, are given in table 7.
Heat of Formation of Calcium Aluminate
Monosulfate from the Elements
The heat of formfttion of calci lim ftluminate monosulf'ate is the sum of t h e h eat effect of eq (1) a nd of the h eaLs oI f'onnation of the r ellcL,lIlts: The heat effects in the stepwise formation of t h e two co mplex calcium illumin a te sulfates m ay be calculated from their h eats of forma tion a nd sum-I m al'ized as follows:
The h eat of t h e reaction --------
-21 00
'" o '" I -1800 From the h eats of r eaction of 3CaO ·A120 3·GH20 (c), CaS0 4· 2H20 (C) , a nd 1-120 (1) t o b oth the mo nos ulfate (eq (1)) a nd t h e tris ulfate (section 4.7 and ref.
[6]), the h eat of 1he r eH,ct,ion 3CaO·A120 3·CaS0 4 ·12H20 ( c) Attempts t o examine the effect of H20 contents greater than 12.5H20 on the heat of solution of the compound were not successful. Table 5 shows the heats of solution (in cal/g) and nominal water contents of portions of sample 7 exposed to 100 percent relative humidity for various lengths of t ime up to 2 months. If these values are plotted together with the corresponding values for the original and dried samples, the curve for the moist samples is not continuous with the curve for the others (fig. 3) .
It is believed that the discontinuity observed is due to chemical decomposition of the monosulfate. Evidence obtained from X-ray diffraction data, chemical tests, and calorimetric observations suggests the following reaction : 3(3CaO·AbOa·CaS0 4·12H20) (c) +3C0 2 (g) + 10H20 (I)-7Al20 a·3H 20 (c) + 2CaC0 3(c)+3CaO·AI20 3·CaC0 3· 11H20 (c) +3CaO·Al20 3·3CaS0 4·32H20 (c)
The X-ray diffraction evidence includes a broadening of the peaks for the moist samples in the neighborhood of 9.0 and 8.0 A until they extended into the 7.5-7.8 A region, together with the appear ance of a peak in the 9.5-10.0 A region . In the sample with the highest water content (about 20 "H20 ") the broad area separated into a distinct peak at 7.65 A, and a peak at 3.80 A was also evident. This trend is suggestive of the appearance of calcium aluminate mon ocarbona te, 3 CaO· A120 3· CaCOa ·11H20.
The 20 " H 20 " sample showed the peaks of calcium aluminate trisulfate at 9.8, 5.6, 4.7, 3.9, and 2.8 A. Although wet samples of the monosuHate show the first three peaks, it is possible to distinguish the two types of pattern by means of the r elative peak intensities, as pointed out in section 2.2. It is apparent that the trisulfate was being formed during the exposure. 
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Chemical tests showed a pickup of 29 percent of the original weight in a sample exposed to 100 percent relative humidity for 6 months. Of this weight increase, 11.9 percent was CO2 and 17.1 percent was H 20 , quantities whose ratio is close to the H20: CO2 ratio to be expected from eq (10), but which are greater in magnitude than the total weight pickup (17%) to be expected if that reaction went to completion. The pickup of CO2 is defini tely established .
The acid solutions obtained in the calorimeter from these exposed samples were turbid. The undissolved material was apparently hydrated alumina. It dissolved slo·wly in the acid during the determination, liberating heat slowly and producing a fictitious final rating period and an incorrect calculated thermal-leakage constant for the determination.
In order to obtain an accurate estimate of the h eat of solution of these exposed samples, it was necessary to use the minute-to-minute heat-leakage correction described briefly in reference [5] . The initial rating period, the known heat-leakage constant of the calorimeter, and the initial temperature gradient between calorimeter and bath were used to determine the stirring energy. The total heat leakage was then determined for each 1-or 2-min reading interval by a ding the stirring energy to the product of the heat-leakage constant and bath-calorimeter gradient for that interval. By subtracting the total heat leakage thus calculated from the observed temperature rise for the interval, a minute-to-minute record of the correc ted temperature rise was obtained. Figure 4 shows the trend of th e corrected temperature rise for the exposed samples. For comparison, a similar plo t for one of the 33 percent relativehumidity samples is shown, curve A. Note that curve A settles down to a constant value for the corrected tempera ture ri se after 12 min whereas the CUI've for th e exposed samples show a rapid rise (representing solution of th e aluminate sulfates) followed by a slower, almost lineal' rise (representing slow solution of the hydrated alumina). Byextrapolating th e slow-rise portion of the curve to zero time, the h eat of solution of t he r apidly dissolving constituen ts of the sample was obtained.
It should be noted that thermal equilibrium in the calorimeter is normally reached within about 5-6 min, whereas curve A b ecomes horizontal only after 12 min. The small drop in th e curve between 7 and 12 min is not believed to represent a temperature lag. It is considered rather to r efl ect non equilibrium endoth ermic release of CO2 gas d erived from solution of the small quantity of CaC0 3 in sample 3, as discussed in detail in reference [5] . A similar curve for sample 5, which was calculated to contain both CaC0 3 and Al20 3·3H20 , shows in succession a rapid temperature rise, f\, fall (CaC0 3), and finally a protracted rise (Al203 ·3 H~0 ) . This behavior of th e temperature rise-time curve serves in several instances to confirm th e impurities sugges ted by chemica,} analysis.
Calorimetric evidence is consistent with th e reaction of eq (10) alth ough it is not conclusive evidence of th e reaction. Simple hydration 01' the monosuHate or physical water pickup would produce a curve either continuous with the 8-12H20 curve 01' hi gh er than the righ t-hand curve of figure 3. If complete ch emical reaction with H 20 alone had OCCUlTed, with tr ansrormation t o the trisulJate, hydrated alumina, and Ca(OH)2, the corresponding heat of solution of th e mixture could not have b een lower than 132 cal/g. The exposed samples, however, had heats of solution ranging from 150 to 115 cal/g. If eq (10) had gone to completion , the h eat of soluLion would have been 99 cal/g. Th e calorimetric results are thus consistent with eq (1 0) provided th e samples did not decompose completely during th e exposure of 2 months or less. To recon cile th e experimen tal h eats of solution completely with the calculated values, it is necessary to assume that some o( the weigh t pick ed up by the samples is sorbed H 20. Calculations based on these h eats of solution indicate furth er that a maximum of 70 percent conversion of the monosulfate to the products of eq (1 0) was approach ed during the 2-month period.
Further chemical evidence is apparent in the results of exposure to 100 percent relative humidity of a portion of sample 1 originally intended for a losson-ignition determina tion. After exposure to the moist air at several temperatures, the sample was reconditioned to constant weight at 33 per'cen t relative humidity. Its loss on ignition at 1,000 °C after this treatment was 41.3 percent as compared 1 wi th the original value of 34.5 percen t. A sample of monosull'ate completely converted according to eq (10) would have a loss on igni tion of 44 percen t; one 70 percent converted, 41 percent. In view of the speculative nature of this discussion, the close agreement between th e experimental and calculated 10 s should be viewed with caution, but the similarity is ! never th eless encouraging.
11
It is apparently difficul t to protect samples of calcium aluminate monosulfate from CO2 pickup in a moist atmosphere.
Kantro, Copeland, and Anderson [9] report th e same experience. A n ew approach is being made to the thermochemistry of samples of the compound COD taining more than 12H20 , by conditioning fresh wet pastes at 79 percent relative humidity (over saturated JH 4Cl). Wet pastes previously exposed at 100 percent relative humidity were nonuniform and difficult to h andle in the calorimeter. It is expected that results based on this approach will be r eported in a la ter publication.
Summary
H eatsofformation of 3CaO ·Al20 3·CaS04·1 2H 20 (c), and of less completely hydrated samples of this compound ranging from to 12H20 , have been determined b y the heat-oI-solution method, with 2N H Cl as the solvent. H eats of reaction have been determined for the formation of 3CaO ·Alz0 3·CaS0 4· 12H20 (c) from 3CaO·A120 3·6fI20 (c), CaS0 4· 2H20 (C), and H 20 (l) , and for the formation of 3CaO ·A120 3· 3CaS0 4·3 1-32HzO(c) from 3CaO ·Alz0 3·CaS0 4·12H20 (c), CaS0 4· 2H20 (C), and H 20 (l) .
The heat of solution of 3CaO·Al20 3· CaS0 4·nH 20 in 2N HCl, in kcal/mole, may be expressed over the 8-12H 20 ran ge by a quadratic formul a: Calcium aluminate monosulfate is a metastable compound and can b e formed from solution only within certain limits of the concentration ratios of th e various reacting ions. If prepared and filtered within about 7 hr, a CaO/A120 3 molar ratio of not less than 9 is necessary to prevent conversion to the trisulfate. The minimum CaO/Ab03 molar ratio is significant because a high OH-concentration favors formation and longer persisten ce of the monosulfate, and all or most of the CaO is obtained from Ca(OH)2; from the mass-action law alone, a high CaO/Ab03 ratio would be expected to produce the reverse effect.
In the presence of moisture and CO2, evidence points to the probability that the monosulfate is converted to calcium aluminate trisulfate, calcium aluminate monocarbonate, calcium carbonate, and hydrated alm:nina. Although the evidence is not conclusive, an equation is suggested for this transformation. The CaO-SOa-A120 a-H 20 system has been studied b y Jones [16] , D ' Aus and Eick [17] , and Eitel [1 8], who prepared equilibrium diagmms for two sets of products, a stable system in which the trisulfate is formed, and a m etastable system in which the monosulfate is formed . However, detailed information on t h e conditions for forming the products of on e or the other system is not generally available.
The concentration mtios n ecessary to produce either t risulfate or monosulfate within a given time limit b ear no apparent r elation to the stoichiometric ratios of the ox.'ides in these compounds. Although t h e t risulfate exhibits a high er CaOjA120 a molar ratio (6: 1) and a higher SOajAlz03 ratio (3 : 1) than the mono sulfate (4:1 and 1:1 respectively) , th e monosul£ate was formed most readily in this work when the original mixture had a CaOjAl20 3 ratio greater t han about 8, for S0 3jAlz0 3 mtios ranging from 2.2 to 5.4 (see table 1 ). For CaOjAlz0 3 ratios less t han 8 or greater than about 50, the precipitate formed directly was either entirely or partly trisulfate. For CaO jAb03 ratios less t han 6, a mixture of trisuHate and hydrated alumina tends t o precipitate [2] . Unpublish ed work performed in this laboratory b y Stearns [19] showed that, for S0 3jAb03 molar ratios b etween 2 and 3, the most stoichiometrically accurate precipitates of monos ulfate were obtained at CaOjAb03 ratios of 20 t o 24.
The apparent contradiction in th e fa ct thftt format ion of the complex s ulfate with the lower CaOjA120 3 ratio r equires an original mixture of higher ratio may b e resolved if it is con sidered that the source of the CaO is primarily calcium h y droxid e. The preparations with the most Ca(OH)2 h ad the highest OH -jAlz0 3 ratios in t h e original mixture, and would b e expected t o favor formation of a more b asic precipitate, that is, the aluminate monosuHate in preference to t h e trisulfate. The viewpoint was tested by preparing a series of small-scale batches at seveml CftOjAl20 3 ratios, with varying additions of NaOH su ch that t h e OH-(AI20 3 ratio was m ad e to vary without corresponding ch anges in the CaO(Alz0 3 ratio. Figure 5 shows t h e effect of OH -j Alz0 3 ratio (as calculated from con centrations in t h e original mixture) on the time required t o initiate co nversion of the monosulfate to t h e t risul£ate, as well as t h e dependence of this time on the pH of t he mother liquor. At any one CaOjAl20 3 ratio from 4 to 10, the time at which th e t risulfftte fu'st appeared increased as the OH -(AlzOa ratio increased. For ft constant OH-jAlz03 ratio, the CaOjAl20 3 ratio did not affect th e t ime consistently, but in most instances higher CftO(Al20 3 ratio accelerated the conversion t o t h e t risulfate, in accordan ce with t h e effect to be exp ected from t h e law of mass actio n. The conclusions of Lerch, Ashton, and Bogue [1] on t h e role of alkalinity are thus confirmed. . "
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. . With extrem ely high CaOjAlz0 3 rat ios, t h e m assaction effect of the Ca++ ion may b e stronger t ha n the influence of OH-, and t risulfate may b e very readily precipitated at very high Ca++ con centrcLtions.
The experience of other workers, who hftve b ee n unable to prepare the monosulfate at room tempemt um , is possibly explained by these concentration-mtio requirements. For example, K elly [20] attempted to prepare th e monosulfate at room temperature from one liter of saturated CaS0 4 solution containing 3.06 g of A12 (S0 4)3· 18H20 and two liters of saturated Ca(OH)z solution. Tbis mixture r epresents a CaOj Al z0 3 molar ratio of 12, and an OH-jAlz0 3 ratio of 18. Al though this is within t he r ange of possible monosulfate formation based on consideration of t he OH-jAlz0 3 ratio, it is n ear t he low end of this range, and the OH-jS03 ratio of Kelly's mixt ure was 3. In all the samples prepared in this work, t he OH-/S0 3 ratio was not less than 6, except for the preparation which turned out to be entirel:v trisulfate, sample 9, in which th e OH -jS03 ratio was 3.5.
.2 . Procedure fo r Preparation of Large Batches
Preparations 1, 2,3 , 4, and 5 were made from saturated Ca(OH)z solution, saturated CaS0 4 solution, and calcium aluminate solution. The calcium aluminate solution was prepared b y shaking high-alumina cem en t (previousl? ignited at 1,000 °C to oxidize sulfides) with COz-free water for ab out 2.5 to 3 hI' and mpidly fil tering th e supernatant liquid. (The calcium aluminate s olution is m etastable, and a precipitate appears unless it is used within a short time; if fil tration is too slow, precipitation will occur during the fil tration , but, once fil tered, the solution is stable ~ for several hours.) The calcium aluminate solu t ion was added to th e Ca(OHh solution in a 12-li ter flask while stirring; calcium sulfate solution was then added, and the entire mixture was stirred about 2 hI'. The mixture was t h en filtered t hrough a Buchner fritted-glass funnel , drained as free as possible of 1l10thCL' liquor by s uction , and lransferred to a desiccalor fo r condiLioning to the desired H 20 content.
A f\, r esult of the limited l'fw ge of concentrations in which the monosuHate precipitate may be pre el"Yed during tbe tilll~ required [01' the operaLio ns, th e yield of the compound is low for a single h atch prepared as describ ed . The low solubility of Ca (OIl )2 , 0.02 moles per liter , and the large ('<tO jAlz03 molar ratio required, limi ts th e quantity of A120 3 that can be introduced , wiLh the r esult that an individual 12-1iter b atch cannot theoreLically yield 1110re than 16 g of 3CaO·Alz0 3·CaS0 4·12H 20 U ll 'er lhe most favorable conditions. The )ield cannot be increased by making seve ral Imtc lLCS of the compound and mixin g th e Ii.lLerc 1 pro u cts because the precipitates obtained in i fferen L bn,tches are slightly different in composiLi on alld Lite prod uct, even if mix ee , woulcl llOL be uniform. T he sHmples o[ the preparation Laken for ftll alys is m igh t noL have the Sfun e composition f),S th e sampl es Laken for calorimeLrv. The yiele cannot be increftSe easily b~' increasilig Lhe volume of Lhe mixLure becau c excessively la rge rMeLion vessels wo u] be nee 'ed. Potassium nJ um inate solution can be m.adc morc concentn),ted ill A120 3 Lh an calciu m ltlum in ate soluLion, but large reaction vessel would sLill be req uired to mftintain Lhe CaO/Al20 3 n)' Lio.
The Jollowing technique was therel'ore resor ted to [01' producing larger batch es (preparations 6, 7, itnd ) . About 140 to 230 ml of reagent A12(So'l)3 sol uLion (O.OSM ) was added slowly Lo 11 liters o r slttura ted Ca(OH)2 solution. The mixture was sLirred 5 to 10 min., allowed to settle 5 to 10 m in. , and 5 to 9 li ters of the supernatant liquid WftS drawn oft and discarded. Calcium hydroxide ftncl f),luminum. s ulfate solution s were then added in the Sftme proportion as in the fi rst ftd ition ftnd in q uantiLy s ufT-icicnt to replace the moth er liquor re moved. After sliI' l'ing 5 to 10 min. and ftllowing to settle, 5 to 9 li ters of the supernf),tant liquid was agfti n drawn. off and discltl'ded. Three more add itions of Ca (OH)2 and A12(S0 4)3 solutions were ma e b. ," thi s ftltcrnate r eac ti on-decantation Lec}miq ue. After t lte h1 St ftddition , the en tire rem f)' inill g m,tss of precipitate prod uced was stirred for 15 min. and ftUowcd to settle. Most of the supern alant li quid was withdrawn through the fi lter. The r emftind er was then s tirred and the fil tmtion completed . The total yield theoretically possible by this techn ique is about 40 g. The entire product is stin·c ' at one time in mother liquor of the propel' concenLraLion. A.nalysis of the severftl mother-liq uor b,),tch cs showed no significant variatiolls in concentration of CaO, but a steady in crense in S03 content consistent with the formation of a precipitate containing less than the original mixture. Th e mul tiple addition-decantation techniqu e cannot be continued indefinitely b eM LI se th e precipita te must be liltered before conversion Lo til e trisuHate CILn take place .
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